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ABST RAC T

A -ezent. prcposal by Prot suggests that both the expense and

the duration of fatigue tests may be lessened by a prcgressive load

method which consists of subjecting a test spe~imer: tc a completely

reversed stress whose amplitude increases regularly with time until

the spezinen fails, By assazing (a) that the ordinary S-N curve,

when plotted on a linear scale, becomes an approximate hyperbola

which is asymptotic to the vertical axis and to the endurance limit,

and (b) that the material is not affected by the completely reversed

stress until the amplitude cf the stress is greater than the endur-

ance limit, Prot shows that the stress at failureSB, may be ex-

pressed as

3- E + O5

where E is the endurance limit, K is a constant for a particular

material and a is the loading rate usually in psi/cycle. Plotting

SR as a function of a0' 5 0, a straight line results; the intersection

of this line with the stress axis indicates the value of the ecdur-
ance limit. A logical modification of the above formula proposed by

Henry is I
,R . + K-'.

wbere m is a ocnst-ant dependent on the material.

In this paper the validity ef the above equttions has been in-

vestigated for tio materials, ingot.iren and 75S-T alurinum alloy.

Conventional fatigue test data were also obtained for comparison with

the values of E predioted by the progressive loadin.g tests. In gen-

eral, it was found that the exponent of a that gave the beet approxi-
mation to a linear plot of the experimental data was not 0.50 but

approximately 0.371 and 0.1786 for the Irgot-iron and 75S-T aluminum

alloy, respectively. Further, the value of the endurance limit for

these materia~sas detamined by the above equations was affected by
copletely reversed stresses whoce amplitudes wezre smaller than the

endurance limit, Nevertheless, the method has certain Inherent ad-

vantages of correlating the data for every specimen tested to deter-

mine th•o moat probable endurance limit, Further studies are there-

fore being made of the method that will be reported at a later date.
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I. :'cRcrUTJ:I0N

At present the corventional method used to evaluate the
fatigue strength of -aterlal invclves the detemiraticn of the

fatigue life of a number of soesimens, each of which is subjected
to repeated loading at a different etress level. From the S-N

diagr, th'Žs obtained the endurance limit of the material is esti-

mated, Another nethed which is sometimes employed when only a few

expensive specimers are available oonse.sta of& testing at, soma low

stress level for a predetermired number ef :ycles of str'ess. If

the specimens do not fall at thif atrese level before the prede-

ternined number of cycles, the stress level is raised. The test-

ing is continued In this annero until failure oncurs. The lowest

stress level at which failure occurs is consider-ed the endurance

limit. The predetermined number of cyoles for each stress level

is usually set at about 107 for steel and 10 for aluminum.

In recent years it has bec.Ce increpsnlgly apparent thAt these

methods are costly and time consuming. As a result, various

attempts to eliminate these objectionable features in the evalua-

ticn of fatigue strength have been undertaken.

it is clear that the time required in the general methods of

fatigue strength determlnatlon can be reduced by the use of several

testing machines or multi-head machines. However, the cost of num-

erous or multi-head machines may be excessive. This is partiou-

.arly true when testing large specimens or full-sized components.

In addition, the number ef specimens required in oonventional

fatigue tests frequently %akes the expense of large models prohibi-

tive,

Another obvious method of reducing the time required would be
to increase the speed of the testIng machines; it has been estab-

lished experimentally, within oertain limits, that the frequency o:

stressing has little influence on the endurance limit. However be-

cause of the mechanical limitations, it does not appear that the
durstion of the tests can be reduced sIgnificantly in this manner.

A further objection is that metals with appreciable hysteresis ef-

fect develop excessive heat from high frequency stressing. In cases
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of high hysteareeis rmterials, 6t f-s sometimes preferable not to ex-

ceed 2000 cycles/,,in. These facts place a limit upon the speed of

testing as a astisfactory means of reducing the time element in

fatigue testing.

Reoently, Prot (1) proposed a new methcd of fatigue testing

toc remedy the two objectionable features of the ordinary fatigue

tests. The Irtot method consists of submitting specim•ns to a re-

versed stress, whose amplitude Increases regtuarly with time. Ac-

cording to Prot, within the limits of the basic assumptions of the

theory, the method is completely independent of materials tested,

method of testing (rotating bean, plane flexure, ctc.) or Tethod

of applying loAd. The stress may be increased according to any

function of t&me, a linear tunction being chosen primarily because

of its simplicity.*9
In theory the Fret method is based on the assumption that

the ordinary S-N curve, when plotted on A linear scale becomes an

approximate hyrerbola wh1eh is asymptoti- to the vertical axie and

to the endurarce limit. Fr?-O this basic assumption, Prot shows

that the stress at failure, SR, may be expressed as

SR s + X VrF 1q. I

where E is the endurance or fatigue limit , K is a constant for

a particular material and a is the loading rate (psi/cycle). Thus

X*tbers in prentheses refer to the referemoes listed in the

Bibliography.
See Apperdix A.
F"r materials having S-N dagamms consisting cf two straight

lines one cf which is parallel to the N-axis, the endurance
limit as determined by Prot'u method and by the conventional
method are equinlert, For materials such as aluminum alloys
whioh exhibit S-N diagrams that are non-linear (and with no
tangent parallel to the N-axis), the endurance limit determined
by the Icrt method co.rresponds to a fatigue strength at an in-
finite number of cycles, Hence in this paper, regardless of
type material, the value E as determined in the Prot method will
be called the endurance or f'tigue limit.



to determine the fatigue strenrth for any raterial thecretically,

±t is necessary only to determine the failure stress, S,, for two

different loading rates, a, Practically, because of asoatter", it

is usually necesuary to test at several different loading retes a.

Such a method wcull greatly reduce the time required to determine

-he erdurence limit and, in the case of large models, would greatly

reduoe the number (anI cost) of specimens. ?urthersore the data

frct all specimens are utilized in the final detzrmination of the

most probable value of the endurance limit, E, Eowever it should

be emphasized that the trot method is applicable only to the deter-

mination of a fatigue strength corresponding to a very long fatigue

life; the method is not applicable to the determination of the

"finite life" strengths corresponding to the upper portion of the

conrentional S-N curve.
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Ix. PVRP0SD AM SCC.P3

A laboratcry study was made tO Investigate the accuracy Cf

the Prot accelerated metho! as compared with the conventional S-N

diagram for detemzi~ation of the fatigue strength of metals. Some

doubt exists as tc the adequacy of the theory on which Eq. 1 is

based (particularly for metals which may "coax" during the test).

For example, a mere general fcrm of Eq. I is

S E + n q,2

in which the erpcnent, n, may be computed from experimental data

(see Appendix B).

Thus, it was also desired to investigate several modifications

of the Frot theory to determine an optimu method of interpreta-

tion of the experimental data. Sufficient tests were run to Indi-

cate the relative 'scatter" in fmature stress and thus to indicate

the variability to be expected from the Prot method.

In order to appraise the effect of widely different metals,

Armco ingot-iron was tested as representative of a metal with a
definite fatigue limit, whereas 755-T aluminu alloy was utilized

as a non-ferrous metal exhibiting no clear-out fatigue limit,

Three groups of experiments were conducted for each of these

metals, namely: (a) cenventional fatigue tests at constant stress

amplitude; (b) teats with a uniform increase in loading rate t,

starting from a relatively low initial stress; (a) tests similar to

(b), but starting from a relatively high initial stress level. The
initial stress levels were 10,0O and 30,000 psi for the ingot-iron

and were 10,000 and 20,000 ;si ftr the aluminium alley.

This report has been prepared as Part I of a more gerem2l ap-

praisal of the Prot method; further studies are being conducted

The fatigue resistarce if some metals may be Improved by under-
stressing followed by a process of gradually increasing the am-
plitude of the alternating stress in small increments, a proce-
dure ordinarily called "oeaxing'. (s



5

ot other metals and will include the intluence ot other variabes
such as the presence of a stress raiser in the formn of a oemi-
circular notzh. It is antioipated that a later report (Part II)
will be prepared ,under the sae title to suimmarize more completely
a firal appreisal of the Prot method, It was, however, felt desir-
able to cutline at this time the r.esults of the pelimInary experi-
ments in this report.
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I11. MATEMIALS ANT METHCO OF TESTING

. The 753-T was received in

the form of 7/84 round relled rod rmd the ingot-iror in 5/9' diam-

eter hot rolled bars. The fatigue speocimens were machined to the

diensiona shown in Fig. I; the teat piecem were not given any sub-

sequent heat treatment. The test sections of the fatigue specimens
were f!niahed with 2/0 emery polishing pep-r in accordance with

previously established procedures (6),

Tests were conducted in rotating cantilever beam machines of
the type utilized in past work (2). The gradual increase in load-

ing was accomplished by means of water supplied from a standpipe

which maintained a ornarct presture on a needle control valve.

The *ater passed through the needle contrel valve Into a contaLner,

and this water lod was trens'mitted through a spring to the free

end of the oantilever specimen. Automatic :hut-etf of the water

flow was effected by means of a solenoid valve which closed when

the specimen failed (Pig. 2).
Two series each of the iron and ef the aluminum specimens were

tested with uniform increase in lead. Each aeries consisted of

from 22 to 32 specimens,' in oeneral, two or Bore sposeinena were
tested at several different values of loading rate. Conventional

tests under constant lod were also cenplete for each metal.
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IV6 RESULTS OF T7STS AND DISCUSSION

In general the data indicate that the fracture stress ws not

always a linear function of a 0 ' 5 0 ae indicated by Eq. 1. Hanoe it

was found desirable to replot the data in accordance with Eq. 2,

and to select values of the exponent, n, of the loading rate that

would result in a linear relationship between SF and a, This then

permits an extrapolation of the data to values of a = 0, at which

abscissa the ordinate represents the endurance limit, E. The ori-

ginal theory on which the Prot nethod is based is discussed in Ap-

pendix A and the modified theory in Appendix B. The test data for

each method have, therefore, been plotted in terms of two differ-

ent values of n to show the deviations from the original Prot

theory in method of plotting the resu)ts.

The resultn are shown in graphic.' form in Figs. 3 to 10. In

these figures a straight line has been raswn in to indicate the

relationship represented by Eq. 1 or Eq. 2 and to determine the

value of fatigue limit by extrapolation as indicated above. Th

loation of these lines has been determined by use of the prinoiple

of "least squares" (7) to obtain a best fit to the experimental

date.

In Ws. 3 and 4 the data for ingot-iron are plotted with the

exponent of the loading rate taken as 0,371 , and for initial

stress levels of 10,000 and 30,000 psi. The values of the endur-

ance limit, Z (observed as the ordinate at a w 0) for the Ingot-

iron for this exponent arn 35,4o0 and 36,2C psi for nitial stress

levels of c - 10, OO0 and c0 w 30,000 psi, respectively.

In Figs. 5 and 6 the sme data art plotted but with the exponr

sat of the loading rate as 0.50 as suggeoted by Prot, and the
values of the endurance limit were 36,700 and 38,500 psi for ini-

tial stress levels cc - 10,000 and 30,000 psi respectively.

Good straight-line plots of the data were cbained with both

the 0.371 and 0.50 power exponents; the variation of the endurance

limit in the two cases being 1,)00 ps. and 2,300 psi for the ini-

tial stress levels of 10,000 psi and 30,000 psi, respectively.

* See Appendix B.
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Thus it appears that the value of the endurance limit of Ingot-iron
as determined by the Prot method Is sensitive to both the exponent
of the loading rate and to the initial stress level at which loading

was started. A change of 34.8% in the exponent of the lcading rate

resulted in changes of the endurance limit amounting to 3.67% and

6.35% for initial stress levels of 10,0C0 and 3C,0-00 pei. Changing

the initial stress level fCrcm 10,00C to 30,030 pal resulted in an

increase in the endurance limit of 2.26% and 4.90% for the 0.371

and 0.50 exponents, respectively.

Under high rates of increase in load, the ingot-iron exhibited

a tendency to yield before a visible fatigue crack appeared. occa-

sionally yielding occurred in a specimen tested at a lower rate of

loading for which other specimens failed by fracturing as indicated

In Fig. 7.
In Figs. 8 and 9 are plotted the conventional 3-N curves for

the ingot-iron tested under constant stress amplitude (a - 0). These

data (plotted with open olroles) Indicate the fatigue limit to be

about 34,000 psi as compared with the values of 35,400 to 36,230

Spredited by the Prot method. Thus the method appears to give a

close approximation to the ordinarily accepted methods and is within

the scatter that might be expected upon successive retesting. (In-

cidentally, previous conventional tests on another type of flexural

fatigue machine indicated a fatigue limit of 37,000 psi for the same

iron.)
Also shown in Pigs. 8 and 9 are the data obtained in testing by

the Prot method; the final fracture stress has been plotted at the

corresponding total number of cycles to failure. As would be expec-

ted, these data fall above the conventional O-N curve, but tend to

become asymptotio to the fatigue limit at a very large number of cy-

cles to failure (corresponding to the tests for which the loading

rate a was small).

In Figs. 10 and 11 the results for the 753-T aluminum are
shown. With an exponent of 0.1786* for the leading rate, a, a
good straight-line plot of the data was obtained, However when

See Appendix B.
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plotted as a function of a 0 ' 5 0(as sAiggested by Prot), the large

curvature in Fig. 762 was obtained.

The values of the fatigue limit (as obtained with n = 0.1786)
wore 17,000 and 20,500 rsi for initial stress levels of 10,000

and 20,000 psi, respectively. This represents an increase of 20.6%

in the fatigue limit. However the value of the fatig'%e strength

at 10 cycles for the 75.-T aluinum alloy as indicated by the con.

ventional fatigue test data in Fig. 13 was approximately 25,000

psi. Thus the values from the Prot method were considerably lower

than the fatigue strength as usually determined. This is consis-

tent with the fact that the value determined in the Prot method

corresponds to an infinite number of cycles.

Considering the abeve results, it appears that before the Frot

method of fatigue testing will be applicable to materials such as

75S-T alzmintm alloy (i.e., for materials which do not exhibit

linear plots of the fatigue data with the exponent n - 0.50) it

will be necessary to determine suitable exponents for the loading

rate. Once the exponents have been determined for particular

materials, the Prot method has passibilities of being a satisfac-

tory apprech to commercial fatigue testing, However for exacting

research investigation, the Prot method is limited. To determine

the correct exponent of the loading rate for a given material to

insure a linear plot, conventicnal S-N fatigue test data can be

utilized as explained in Appendix B. For materials subjected to

various heat-treatlng and other metallurgical processes, the task

of determining the corresponding loading rate exponents might offer

a serious handicap tc the Prot method, However several matb,ýmati-

cal methods are being investigated for determining the correct ex-

ponert directly from the data obtained in the tests urder unifczmly

increasing load. They appear promising in offering a means of ob-

taining not only the most probable fatigue limit, but also may be

used to estimate the probable error and statistical deviation that

may be expected from data of this type.

The scatter of the data obtained in the Prot method needs fur-

ther investigation beth at high and low rates of loadirg. At high

rates of loading the amount of scatter is of particular signttioanoe
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since the time element in testing beooee important in determining

the efficiency of the process. Investigation of additional mater-

iass by the Prot method is needed, particularly for metals exhibit-

ing no well defined fatigue imito, and a study of the effect of

stress concentrations (notches, keYways, grsoves, etc,) on the

fatigue limit as determined by the Prot method would be of interest

for design applications.

Further experlmental studies are, therefore, being conducted

as a part of this general research prognam. Notched and unnotehed
specimens will be investigated for an ingot-iron, an alloy steel,

and a boron steel of relatively high hardness. These will be

representative of a wide range in hardness and strain-aging oharao-

teristics for ferrous metals and thus furnish data for a more ex-

tensive appraisal of the Prot msthod.
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V. 0ONCLUSI0?S

1, For ingot-iron the Prot metho of fatigue testing uming

either 0,371 or 0.50 as the exponent of the loadn4g rate, gave re-

suits which acmpareld favorebly with the ordinary methodu of fatigue

testing. For high rates of load inorease, the ir4rt.Lrtn failed by
7islding before a ranck appeertd.

2, The value of the endurance limIt of ingot-irvn us only
slightly affected by charges in the exprnent Used in plotting the

loading rate; a ohange of 34.8% in the exponent resulted in charMn

of 3,.67% and 6.M5% in the Ondurance limit for tests started at inin

tial stress levels of 10,000 psi and 30,0C0 psi, respectively.

3. Raising the initial stress level fret 10,CO pat to 30,C00

psi raised the enduranoe limit of the ingot-iron by only 80- to

1800 ;al, the amount dep-ending upon whioh value of the expenent n

was used to interpret the data.

4. For 75S-'T alumintm alley, the 0.50 exponent as proposd by

?rot gave a nen-linear tunotion that culd not be satisfactorily

extrapolated to nbtain the fatigue strength. Inly for one exponent

of the loading rate (n m 0.1786) did the Prot method give results

that could readily be interpreted. Changing the initial stress _

level of the 758-T alumintm alloy free 10,000 psi to 20,000 psi in-

oreas the indi:ated fatigue limit from 17,OCW psi to 20,500 psi;

as values determined by the Frot method correspnds to an infinite

ntmbne of cycles, these values were smwwhat below the fatirie

strength. of 25,000 pII at 10 cyoles as determined tr-m tho ocoven-
tional S-N diagrsM.

5. The Prmt method of fatigue testing appears applioable for

repid estimation of the fati~ue strength in certain types of com-

merolal teating, partiozlarly for materials for which a ILiear plot

is obtained with the expoaent n assued to be 0.50 or f"o matetials

for which an accurate value for n may be obtained readily,
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APPEIIX A

THE-CRY OF PROT METHCD OF FATIGUE TFSTIN3

The S-N curve for a material is obtained by drawirg a curve
through a series of experimental test points found from conven-

tional fatigue tests at constant stress amplitudes. These experi-

mental test points are plotted usually with the leg of the cycles

as the abscissa and the stress as the ordinate, the resulting curve

consisting crdinarily of two straight lines.

For the case of sBall scatter, Fret asares that if a linear

scale is used to plot the cycles, the fatigue curve may be assumed

without large error to be asaymptotic to both the vertical axis and

the endurance limit and, in addition, to be a hyperbola in the

region of the endurance limit.

Assuming the endurance limit is cmri axis of the hyperbola, the

equation of the fatigue curve is then:

pH - K Eq. A-i

where p is the am-cunt by which the stress in the specimen exceeds

the endurance limit, N is the number of cycles te failure and K is

a constant. When the usal notations are used, the equation can
than be written

(S-E)N - K Dq A-2

In tfhe progressive loading fatigue teat, suppcae the stress S

has an initial value SO at the time the test is started, and in-6
creases linearly with time. Then at any time

S W-S0 + OF Eq. A-3

whore N -. cycles, and a is the amount the stress increases each

cycle. Equation A-i may then be rewritten

3 pdN K Eq. A-4



13

When p is a constant, this equation represents the rectangle StB,

Fig. 40, a constant area with the position A on the curve.

Prot assumes that the above assuZptions are still true when p

is not constant, but is a function of time, of the form

P 9p P0 + aN Eq, A-5

Substituting this value of p into Sq. A-4 gives

2aN /2 + pen - k? - 0 Eq, A-6

valid only for pet E. This result simply means that the trape-

zoid ESoRC, Fig. 14, has a constant area equal to KI for all pos-

sible positions of the point R.

Prot assumes that when the initial stress So is less than E,

no damage of the material occuru until the stress S is greater

than the endurance limit S. The value p. considered above, is then

zero, and using the notation from Fig, 15

K' Eq. A-7

This shows the area of the triangle ZRC is constant and that the

point R is also on an hyperbela with the equation

( -E)N- 2 A-8

S Ince c R? j -53, and PYR cI~v then from Eq. A-7

•2R M 2%K, Eq. A-9

Hence,

VR i w\~7 mKj VTq. A-1-O

or by rubstituting for p its equivalent value S-Z, at frec:ture we

have

Sý E K V1 EqA-l1



This is the equation of a straight line Intersecting the
ordinate axis at the endurance limit, E, correaponding to a w 0.
From Eq. A-1I it is seer that the stress SR varies linearly with
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APPEfIX B

ZDTERMINATION OF EXPONENS Of LOADING RATE

If a repeated stress, S, which is less than the endurance

limit, E, is applied to a specimen, the life of the specimen will

be infinite. If a repeated stress, S, which is greater thar the

endurance limit, E, is applied, the fatigue life is finite. The

greater the difference (S-H) the small the fatigue life, N. There-

fore we may write, in the manner of Welbu.ll (3), a close apprcxit

mation to the shape of the S-N curve as

N - k(S-E)" Eq, B-1

which indicates that a plot of log N vs. log (S-3) will be a
straight line. In this notationahip m and k are constants which
Weibull has shown to be dependent on the material. By employing

Eq. B-I (instead of the assutption of Eq. A-i made by Prct) Henry
(4) has shown that m may be related to the exponent of the leoding

rate a in the following mannar

~E +KM Eq. B-2

i.e., the exponent of a is equal to i/(m+l). Hence the exponent

of the loading rate is not necessarily a constant value of 0.50 as
indicated by Fret (which would require m - 1) but in general is a

function of the material being tested,

A procedure for determining the value of m from oonventional
fatigue data for a particular material is as follows:

1. Obtain sufficient S-N data to det-ermine an approximate

ondurnnce limit, E.
2. With this approximate value of 3, plot log N vs. log (S-E).

Unless the approimate value of E is fairly acourate, a curved line
will result.

3. If a curved line resialts, adjust the value of E by small
amounts until a straight line is obtained. From Eq. B-i, it 4s seen

that the slope of the linear plot of log N vs. log (S-8) determines



Proceeding in the manner outlinod above, the values of m for

Ingot-iron and 75S-T aluminum al~oy were found to be 1.7 and 4.6,

respectively (Figs. 16 and 17). The data shown in these two fig-

ures are the same as those previously shown (by open circles) in

Figs. 9 and 13. The optimum leading rate exponents for a were

therefore 0.371 and 0.1786, respectively, and these values were

used for final interpretation of the data obtained in testing by

the Prot method. See for example Figs. 3, 4, 10 and 11.

In generml, the above procedtre would make the Prot method

seem tedious and unecenocical because it would require some data

to be obtained trom the usual types of conventional constant stress-

amplitude tests. However the exponents n presurably would be

material constants and thus should only need to be determined

once for a given type of material. Furtlermcre it appears probable

that a dirzeot method of interpreting the data can be developed that

will net necessitate the use of conventional test data for evalua-

tion of the constants or Eq. B-2. ?'rther study of suitable methodz

of analyting the data is now underway.
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A- Standpipe
B - Solenoid Control Valve
C- Needle Control Valve
D - Water Container
E - Spring Hanger
F- Automatic Cutoff Arm
G- Micro-switch, When Specimen Fails Automatically

Closes Solenoid Control Valve and Electric Motor
H-Ball Bearing Housing To Transmit Load To

Specimen
I - Specimen
J - Specimen Chuck Of Rotating Cantilever Beam

Fatigue Machine
K- Electric Wiring To Electric Motor Drive

Fig. 2. Schematic Of Test Apparatus
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